Introduction
Vertebrate bones are a major part of archaeological and paleontological records.
Although the overall shape inherited from the living animal can be preserved, significant modifications affect the chemical composition as well as the microscopic and mesoscopic structure of bone (Trueman and Martill 2002; Hedges 2002) . The apatitic fraction of fossil bone generally exhibits an overall decrease in carbonate content, enrichment in fluorine and incorporation of trace elements as well as an increase in crystallinity parameters (e.g. Keenan 2016 ). Accordingly, fossil bioapatite differs from the nanocrystalline carbonate-bearing hydroxylapatite corresponding to the main inorganic component of bone (Pasteris et al. 2008 ).
Overall, fossil bones tend to display a transformation of the original bioapatite towards a carbonated fluorapatite (Kolodny et al. 1996) . The organic fraction of bone also experiences in most cases a rapid degradation and is rarely preserved (Bocherens et al. 1997 ).
Despite its higher sensitivity to diagenetic transformation, the chemical and isotopic composition of fossil bones can complement the analyses performed on more resistant fossil enamel samples. When preserved in the fossil record, the stable isotope composition of biogenic apatite, and particularly the stable isotope composition (δ 13 C, δ 18 O) of structural carbonate groups, provides important information on past climates, past environments, dietary preferences and habitat of vertebrates (e.g. Kohn and Cerling 2002) . On the other hand, heavily transformed fossil bones may also serve as probes of local diagenetic conditions because the uptake of trace elements depends on the physical-chemical parameters prevailing during the diagenetic recrystallization of apatite (e.g. Law 2006, Trueman et al. 2006 ).
As a matter of fact, the depositional environment plays an important role in the transformation of fossil bones. Nielsen-Marsh and Hedges (2000) reported that site hydrology and characteristics of the burial environment strongly affect diagenetic pathways in bone.
Several studies have focused on the diagenesis of fossils from fluvial and marine settings (Pfretzschner 2004 , Tütken et al. 2008 and from harsh weathering environments (Tuross et al. 1989 , Trueman et al. 2004 ) to identify parameters controlling the early diagenesis of bones and teeth. Fossilisation in karstic environment is often considered to lead to better preservation. For example, Michel et al. (1995) reported only minor structural and chemical changes in fossil tooth enamel from the Lazaret prehistoric Cave and most fossil bones from karstic caves in Israel did not show transformation into carbonated fluorapatite (Weiner et al. 2002) . Local variations in environmental conditions can also lead to different diagenetic pathways within one site (e.g. Stiner 2001 , Bocherens et al. 2008 ).
The extent of fluoridation is usually used as a marker of diagenetic transformation of bone due to the easy formation of secondary fluorapatite. However, the availability of fluorine in the environment is variable in different fossilisation contexts (e.g. Parker et al. 1974) , whereas the formation of secondary hydroxyapatite is less easily detected (Aufort et al., 2019) .
In this work, we analyse a series of Plio-Pleistocene fossil bones from karstic environments of the Bolt's Farm cave system in the Cradle of Humankind, South Africa and from late Miocene fluvio-lacustrine environments of the Tugen Hills in the Gregory Rift, Kenya. The results further document the links between atomic scale transformation of bone and fossilisation context and suggest that a primary biogenic apatite fraction is preserved even in heavily transformed samples.
Materials and Methods

Samples and fossilisation context
The fossil material consists of fragments of mammal bones from the Bolt's Farm cave system (BFCS), aka Bolt's Farm, located on the south-western edge of the UNESCO Cradle of Humankind World Heritage Site, South Africa. Bolt's Farm cave system is not a single deposit but actually corresponds to an area of more than 30 fossiliferous cave infill deposits, related to a vast ancient but interconnected karstic system (Gommery et al. 2012) . Main mammals found at Bolt's Farm include non-human primates such as Parapapio and Cercopithecoides, large felids such as Dinofelis and Panthera, as well as suids and bovids, but also a rich microfauna (mainly represented by rodents), and are described in details in Gommery et al. (2016) and Pickford and Gommery (2016) . Bone fragments investigated in this study come from selected localities in Bolt's Farm: Waypoint 160 (WP), Brad Pit A and B (BPA, BPB), Aves Cave I (AC), Milo A (MA), Milo B (MB) and Bridge Cave (BC). These localities differ in age, e.g. Waypoint 160 was dated between 4.5 and 4 Ma with biochronology and corresponds to the oldest fossiliferous deposit of the Cradle of Humankind (Sénégas and Avery 1998) while AC was dated, also with biochronology, between 3 and 2.5 Ma .
Selected fossil bone samples are described in Table 1 and either come from indurated calcitic breccia (B) or decalcified breccia (DB). Note that, for this study, all fossil bones were directly sampled without chemical dissolution of the breccia.
Two fossil bone samples from the Lukeino formation (6.2-5.7 Ma, Sawada et al. 2002; Roche et al. 2010; located along the Tugen Hills in the Gregory Rift Valley, Kenya were added to the series.
A metapodial bone of modern ox, TH1, collected on the shores of the Bogoria Lake (Kenya) and a natural sample of carbonated fluorapatite (C-Fap) originating from the sedimentary deposit of Taiba (Senegal) were used as references (Aufort et al. 2019 ).
Analytical techniques
A rotary drill equipped with a diamond-tipped burr was used to collect bone powders from cortical bone fragments. Powders were then finely ground with an agate mortar and pestle for 15 minutes, producing grain sizes of less than 50 µm. Prior to chemical analyses, fossil bone powders were treated with 0.1 M acetic acid for 30 minutes to remove diagenetic calcite and then rinsed 6 times with deionized water and dried at 60°C.
Fluorine content and Ca/P ratios are reported in Table 1 . For each analysis, 100 mg of sample was dissolved in a 30% nitric acid solution for 1h at 80°C following the protocol previously used by Maurer et al. (2011) . Fluorine content was measured using a fluoride ion selective electrode (Mettler Toledo), Ca was measured by energy dispersive X-ray fluorescence (Niton XL3t Thermo Fischer scientific) and phosphorus by spectrophotometry (Milton Roy Spectronic 301 spectrometer). The estimated analytical error based on the analysis of a certified reference material (bone ash SRM 1400) is about 5%.
Attenuated total reflectance Fourier transform infrared (ATR-FTIR) spectra were recorded using a Quest ATR device and a Nicolet 6700 FTIR spectrometer. Pure powder samples were packed at the surface of the ATR internal reflection element (IRE) and two different spectra were recorded for each sample, using either a diamond or a Ge ATR IRE, between 400 and 4000 cm -1 by averaging 200 scans with a resolution of 1 cm -1 . The use of a diamond ATR IRE allows the detection of relatively weak bands, such as those related to carbonate impurities. In comparison, Ge ATR is less sensitive but provides a better insight into the intrinsic properties of the sample . All ATR spectra are reported in absorbance units A=log(I0/IR) where I0 and IR are the intensities of the incident and reflected light, respectively.
Single-pulse 19 F magic angle spinning (MAS) NMR experiments were performed on an Avance 700 Bruker spectrometer (16.3T) operating at 658.93 MHz using a 4 mm rotor at a 14 kHz spinning frequency.
Results
Chemical composition of fossil bones
Compared to modern bone, all fossil bones are enriched in fluorine. The fluorine content of most Bolt's Farm fossil bones range from 0.5 to 1.4 wt.%, apart from two more fluorinated samples, AC-DB-L and MA-DB-03N, containing 1.8 and 2.4 wt.% F respectively (Table 1) . In contrast, fossil bones from the Tugen Hills, TH33 and TH32, display higher fluorine content, 2.8 and 2.9 wt.% F respectively.
The Ca/P mass ratios range from 2.11 to 2.44 in all fossil samples, higher than the 2.02 value found for modern bone, as is typically observed in fossil compared to modern bioapatites (e.g. Reiche et al. 2003 , Yi et al. 2014 . These values are overall lower than those previously reported in Quaternary archaeological bones from Lazaret Cave (between 2.38 and 2.80; Michel et al. 1996) potentially reflecting differences in sample treatments prior to chemical analysis.
Infrared spectroscopic study of fossil bone samples
ATR-FTIR spectra of fossil samples
Both diamond and Ge ATR-FTIR spectra of fossil bones (Figure 1 ) display the characteristic absorption bands ascribed to the internal vibrations of apatite phosphate groups, and to the structural carbonate impurities located at the A and B sites (channel and phosphate sites, respectively) (e.g. LeGeros et al. 1969; Elliott 2002) .
Intense bands observed between 550 and 600 cm -1 and between 1010 and 1090 cm -1 in the ATR-FTIR spectra of recent and fossil bones are related to the ν4 PO4 bending and ν3 PO4 stretching modes of the apatite phosphate groups, respectively. Amide bands related to the collagen matrix (Lebon et al. 2016) are not visible in the ATR-FTIR spectra of fossil bones, attesting to the degradation of the bone organic fraction. Compared to that of modern bone, diamond ATR-FTIR spectra of Bolt's Farm fossil bones containing less than 1.2 wt.% F display two additional bands at 630 and 3572 cm -1 related to the OH bending and stretching modes respectively ( Figure 1 , Figure S1 ). These bands are no longer visible in fossil bones from Bolt's Farm and the Tugen Hills with higher fluorine contents, apart from one sample, AC-DB-L (1.8 wt.% F). Most Bolt's Farm fossils collected from the indurated breccia contained calcite as attested by the presence of the v4 CO3 band at 713 cm -1 ( Figure S2 ). Its absence in the spectrum of acetic acid treated samples confirms the removal of diagenetic calcite from these samples ( Figure S2 ). As the ν2 CO3 and ν3 CO3 bands of calcite overlap with those of structural carbonates in apatite, the acetic acid treatment should facilitate the analysis of the environment of structural carbonates in fossil samples. Although the ATR-FTIR spectra of most fossil bones from decalcified breccia did not reveal the presence of calcite, selected samples from decalcified breccia were also treated with acetic acid to assess the effect of the treatment on the apatite structure. A systematic reduction of the relative intensity of ν 2 and ν 3 CO 3 bands is observed after acetic acid treatment on diamond ATR-FTIR spectra after normalization based on the ν4 PO4 band (Figure S3 ), whether the initial sample contained calcite or not. On calcitebearing samples, the calcite removal makes the characteristic signals of structural carbonate groups visible on the spectra.
3.2.2. Atomic-scale order and sample micro-structure probed by ATR-FTIR phosphate bands The width of the ν4 PO4 bands is commonly used as a probe of structural order through the measurement of the Infrared Splitting Factor (IRSF; Weiner and Bar-Yosef 1990) . IRSF values measured on Ge ATR-FTIR spectra of Bolt's Farm fossils range from 3.93 to 5.72 and are overall higher than the 3.64 value found for modern bone (Table 1) . IRSF values for fossil bones from the Tugen Hills, 4.24 and 4.69, fall in the range of values found in Bolt's Farm fossils. The width of the ν4 PO4 bands is reduced after acetic acid treatment (Figure 2a) , which leads to a systematic increase in IRSF in all fossil bones treated, whether the sample originally contained calcite or not (Table 1, Figure 2b ).
The line shape and width of strong bands in infrared spectra are not only related to the atomic-scale structure of the samples but also depend on parameters such as porosity, grain size and shape of particles due to long-range electrostatic interactions within and between particles . In contrast the position and line shape of weaker bands, such as the band at ~960 cm -1 related to the ν1 PO4 stretching mode, are less affected by these effects. Compared with the ν4 PO4 band, the weaker ν1 PO4 band is thus expected to provide a complementary meaningful insight into the atomic-scale properties of the sample (Balan et al. 2011 , 2018 . Its position has been shown to be well correlated to apatite crystallinity in archaeological heated bones (Lebon et al. 2014 ).
The ν1 PO4 Ge ATR-FTIR band is located at ~960 cm -1 in modern ox bone TH1 and at ~966 cm -1 in the carbonated fluorapatite (C-Fap) sample. It corresponds to a broad Gaussian signal in TH1 while it displays a pronounced Lorentzian shape in C-Fap. Compared to modern bone, the ν1 PO4 Ge ATR-FTIR band of fossil bones is asymmetric and systematically shifted towards higher frequencies (Table 1, Figure 1d (Table S1 ).
The first component is a Gaussian function, whose position and width were kept fixed to that of the unaltered bone sample (TH1). Accordingly, it is expected to correspond to remnants of the biogenic material in the fossil samples. The second component, which is expected to correspond to secondary apatite, is described by a Lorentzian function whose position, relative intensity, and width are free parameters (Table S1 ). The fraction of secondary apatite obtained from the fits varies between 24 and 60 % in Bolt's Farm fossils, while it reaches 64 % in fossil bones from the Tugen Hills (Table S1 ). The position of the peak is mainly centred on 962.5-963.5 cm -1 in Bolt's Farm fossils apart from the two F-rich samples for which the position is higher and closer to that of sedimentary carbonated fluorapatite (966.1 cm -1 ). Regarding fossils from the Tugen Hills, a high proportion of secondary carbonated fluorapatite is consistent with their higher fluorine content. It is noteworthy that even in highly transformed bone samples, i.e. TH33 and TH32, the proportion of secondary apatite is limited to about 64% (Table S1 ).
Environment of structural carbonate groups inferred from the ν2 CO3 band
The ν2 CO3 component of modern bone displays the usual A-and B-type components at ~880 cm -1 and ~872 cm -1 respectively, as well as an asymmetric tail on the low-frequency side, which corresponds to the broad band centred at 860-865 cm -1 attributed to "labile" carbonate groups in bone (Rey et al. 1989) (Figure 1c, Figure S5 ).
All fossil bones display an additional signal at 865 cm -1 that matches with that observed in the reference sedimentary carbonated fluorapatite. This signal is diagnostic of a clumped (CO 3 2-, F -) defect substituting for the phosphate group in the apatite structure and has been observed in fossil teeth from Rift Gregory in Kenya (Yi et al. 2013 (Yi et al. , 2014 .
Regarding calcite-free fossils, the apparent proportions of clumped (CO3 2-, F -) defect,
A-type and B-type carbonate signals are modified in the most fluorinated samples (AC-DB-L and MA-DB-03N) after acetic acid treatment ( Figure S3 ). Together with the overall decrease in the relative intensity of the structural carbonate signals in normalized spectra, this suggests that the acetic acid treatment could have removed a fraction of carbonate-bearing secondary phases. Depending on the sample, the acid acetic acid treatment removes carbonates associated either with the clumped defect or with B-type and A-type substitutions.
19 F Nuclear Magnetic Resonance Spectroscopy
The 19 F MAS NMR spectra of fossil bones display a main signal at ~ -102 ppm ascribed to F -ions incorporated in the channel sites of the apatite structure (Figure 3 ). This signal is broader in Bolt's Farm fossil bone samples (FWHM of 2.12-3.69 ppm) than in the reference sedimentary carbonated fluorapatite (1.8 ppm). The less intense signal observed in sedimentary carbonated fluorapatite at -88 ppm corresponds to the clumped (CO3 2-, F -) defect substituting for the phosphate group in the structure of carbonated fluorapatite (Yi et al. 2013 ). This signal is also observed in the fossil samples. 19 F MAS NMR thus confirms that fluoride is incorporated in the apatite structure, both in the channel sites and in the clumped defect to a lesser extent.
The clumped defect signal is more intense in samples with higher fluorine content, i.e. MA-DB-03N and TH33 (with an area about 3% that of the total area of the 19 F NMR spectrum), than in BPB-DB-25 (with an area about 1% that of the total area of the 19 F NMR spectrum).
The larger bandwidth (4.12 ppm) observed in TH33 compared to the other fossil samples (2.12-3.69 ppm) is consistent with the corresponding relatively broad clumped (CO3 2-, F -) defect signal observed in the infrared spectra, even though the potential occurrence of paramagnetic centres or impurities (e.g. Fe, Mn ions) in fossil bones can also affect the NMR width.
Discussion
Evidence of secondary carbonated apatite formation in fossil bones
The structural differences observed between fossil and modern bones, i.e. increase in In presence of fluorine, the formation of secondary carbonated fluorapatite is easily detected because the clumped (CO3 2-, F -) defect displays a specific spectroscopic signature, both in infrared spectroscopy and 19 F NMR. In the case of hydroxyapatite, the incorporation of carbonate in the secondary apatite also occurs during the experimental aqueous alteration of modern bone (Aufort et al. 2019 ). However, their spectroscopic signature does not significantly differ from that of the biogenic apatite. Accordingly, and even though their carbonate signal is close to that observed in biologic apatite, it is most likely that the secondary hydroxyapatite in fossil samples also contains a fraction of structural carbonates.
It is noteworthy that the highest fraction of secondary apatite observed is about ~60%.
This limited degree of transformation does not depend on the F enrichment of the sample and is also observed in hydroxylated samples as, e.g., sample WP-DB*, which displays about 60 % of secondary apatite. The highest fraction observed coincides with the maximum ~60% fraction of secondary apatite determined in modern bones altered under controlled conditions (Aufort et al. 2019) . Accordingly, it supports the idea that the formation of secondary apatite could have a protecting role against further transformation of the original bioapatite. No correlation is observed between the extent of alteration and age and even in older (e.g. TH33, TH32, WP-DB) and F-rich (MA-DB-03N, TH33, TH32) samples, the transformation seems limited at about 60 percent of secondary apatite.
Effect of the acetic acid treatment on fossil samples
Acetic acid is the most commonly used reagent to remove exogenous carbonate from bioapatite prior to stable isotope analyses of structural carbonate and chemical analyses (Snoeck and Pellegrini 2015) . It also plays a major role in fossil preparation. Indeed, extracting bones from the breccia matrix is difficult and two methods are usually used: mechanical and/or chemical preparation. The latter is more adapted to recover the microfauna and fragile fossils and, unlike mechanical preparation, does not risk leaving marks that could be misinterpreted as taphonomic or anthropic marks. For instance, the Plio-Pleistocene Palaeontology Section of the Ditsong National Museum of Natural History (Pretoria, South Africa) has developed an acid preparation lab dedicated to the extraction of fossil bones from blocks of breccia . In this case, fossils are exposed to acetic acid for longer periods of time (~24h) but protected using a glue coating. Effects of acetic acid on the structure and stable isotope composition of bioapatites are thus of importance to palaeoenvironmental reconstructions and have been widely discussed along with other pre-treatments (e.g. Lee-Thorp and van der Merwe, 1991; Garvie-Lok et al. 2004; Yoder and Bartelink 2010; Snoeck and Pellegrini 2015) .
Overall these studies show that acetic acid treatment leads to an increase in crystallinity (IRSF) and a decrease in carbonate content and partially dissolves the mineral fraction of modern and archaeological bioapatites (Snoeck and Pellegrini 2015) . The present results confirm that the acetic acid treatment, even at low concentration (0.1 M) and reaction time (30 min), besides removing the secondary calcite, affects the apatitic fraction of the samples. It leads to a moderate increase in the IRSF and overall decrease in the relative intensity of the signal of structural carbonates. It is noteworthy that the IRSF increase is similar for the whole set of samples and still allows a meaningful inter-comparison of crystallinity parameters (Figure 2 ).
The effect of the acetic acid treatment on the ν1 PO4 band is not detected, possibly due to the smaller intensity of this band. Based on these observations, it is suggested that the acetic acid treatment removes more soluble carbonate-rich apatitic domains, in addition to diagenetic calcite. A preferential use of acetate buffered acetic acid solutions has been recommended (e.g. Garvie-Lok et al. 2004 ) and leads to a smaller increase in IRSF values than unbuffered acetic acid (Snoeck and Pellegrini 2015) but does not completely exclude possible dissolutionrecrystallisation of bone apatite (Aufort et al. 2019 ).
Implications for palaeoenvironmental reconstructions
Regardless of 
